The Kelch-like ECH associated protein 1 (Keap1)-NF-E2 p45-related factor 2 (Nrf2) pathway regulates networks of proteins that protect against the cumulative damage of oxidants, electrophiles and misfolded proteins. The interaction between transcription factor Nrf2 and its main negative cytoplasmic regulator Keap1 follows a cycle whereby the protein complex sequentially adopts two conformations: 'open', in which Nrf2 binds to one monomer of Keap1, followed by 'closed', in which Nrf2 interacts with both members of the Keap1 dimer. Electrophiles and oxidants (inducers) are recognized by cysteine sensors within Keap1, disrupting its ability to target Nrf2 for ubiquitination and degradation. Consequently, the protein complex accumulates in the 'closed' conformation, free Keap1 is not regenerated and newly synthesized Nrf2 is stabilized to activate target-gene transcription. The prevailing view of the Keap1-Nrf2 pathway, for which there exists a wealth of experimental evidence, is that it lies at the heart of cellular defence, playing crucial roles in adaptation and survival under conditions of stress. More recently, the significance of Nrf2 in intermediary metabolism and mitochondrial physiology has also been recognized, adding another layer of cytoprotection to the repertoire of functions of Nrf2. One way by which Nrf2 influences mitochondrial activity is through increasing the availability of substrates (NADH and FADH 2 ) for respiration. Another way is through accelerating fatty acid oxidation (FAO). These findings reinforce the reciprocal relationship between oxidative phosphorylation and the cellular redox state, and highlight the key role of Nrf2 in regulating this balance.
Introduction
The transcription factor NF-E2 p45-related factor 2 (Nrf2, gene name NFE2L2) and its negative regulator Kelch-like ECH associated protein 1 (Keap1) control the expression of large networks of genes with versatile cytoprotective activities. At homoeostatic conditions, Keap1 [1] , a substrate adaptor protein for cullin3-RING-box protein 1 ubiquitin ligase, continuously targets Nrf2 for ubiquitination and proteasomal degradation [2] [3] [4] , but loses this function in response to electrophiles and oxidants (termed inducers), which chemically modify reactive cysteine sensors in Keap1 [5, 6] . Consequently, Nrf2 accumulates and activates transcription of its downstream target genes encoding enzymes of xenobiotic metabolism, proteins with anti- Figure 1 Single-cell analysis of the Keap1-Nrf2 interactions (A) The 'open' and 'closed' conformations of the Keap1-Nrf2 complex. The interactions between Keap1 and Nrf2 are shown schematically above the E-FRET distribution. In the images, Keap1 is shown in blue, mCherry in red, Nrf2 in yellow and EGFP in green. On the left, the Keap1-Nrf2 complex is shown in the 'open' conformation, in which only the 'ETGE' motif of Nrf2 is bound to the Keap1 dimer. This conformation generates the 13 % E-FRET population shown in the graph. On the right, the 'closed' conformation is shown, where both the 'DLG' and 'ETGE' motifs of Nrf2 are bound to the Keap1 dimer. This conformation generates the 21 % E-FRET population shown below in the graph. (B-E) Human embryonic kidney (HEK)293 cells were imaged 24 h after co-transfection with: WT EGFP-Nrf2 + mCherry (B), WT EGFP-Nrf2 + Keap1-mCherry (C), EGFP-Nrf2 DLG + Keap1-mCherry (D) or EGFP-Nrf2 double ETGE + Keap1-mCherry (E). The left columns show the EGFP image. The middle columns show pictorial representations of the E-FRET, where the colour of the cell corresponds to the E-FRET, ranging from 0 % to 30 %. The right columns show the E-FRET data from each pixel of the image plotted on a graph. The E-FRET in a cell co-transfected with WT EGFP-Nrf2 + free mCherry (B) is 0, corresponding to the blue colour of the cell. The E-FRET distribution in a cell co-transfected with WT EGFP-Nrf2 + Keap1-mCherry (C) shows two distinct peaks, one centred at 13 % and the other at 21 %, suggesting that there are two different FRET interactions between the EGFP and mCherry fluorophores within the Keap1-Nrf2 complex. These E-FRET populations are shown pictorially in the middle column of (C), where both green and yellow colours can be seen. The E-FRET distribution in a cell co-transfected with EGFP-Nrf2 DLG + Keap1-mCherry (D) shows one major peak centred at 13 %, indicating that there is a single interaction between the EGFP and mCherry fluorophores within the Keap1-Nrf2 DLG complex. This E-FRET population is shown pictorially in the middle column of (D), where the green colour is distributed evenly across the cell. The E-FRET distribution in a cell co-transfected with EGFP-Nrf2 double ETGE + Keap1-mCherry (E) shows one major peak centred at 21 %, indicating that there is one major interaction between the EGFP and mCherry fluorophores within the Keap1-Nrf2 double ETGE complex. This E-FRET population is shown pictorially in the middle column of (E), where the predominant colour is yellow. Scale bar = 10 μm.
wild-type (WT) Nrf2 showed that if the low affinity 'DLG' motif in Nrf2 is mutated, so that Nrf2 is bound to only a single member of the Keap1 dimer, the E-FRET signal at 21 % is lost, whereas the E-FRET signal at 13 % is maintained ( Figure 1D ). Conversely, when the 'DLG' motif is replaced with a second high affinity 'ETGE' motif, there is an increase in the signal at 21 % E-FRET and a decrease in the signal at 13 % E-FRET ( Figure 1E ). These data suggest that in the basal state the Keap1-Nrf2 complex is found in two distinct conformations, which we have termed 'open' and 'closed'. In the 'open' conformation, representing the 13 % E-FRET population, only the high affinity 'ETGE' motif of Nrf2 is bound to Keap1. In the 'closed' conformation, representing the 21 % E-FRET population, both the low affinity 'DLG' and the high affinity 'ETGE' motifs of Nrf2 are bound to the Keap1 dimer ( Figure 1A) .
By blocking protein degradation by the proteasome or protein synthesis globally, both of which lead to a decrease in the abundance of the 'open' conformation and a corresponding increase in the 'closed' conformation, it was established that the two conformations of the Keap1-Nrf2 complex represent two phases of a cycle (Figure 2A ). The first phase of the cycle is the 'open' conformation, which is decreased by blocking protein synthesis as new Keap1-Nrf2 complexes cannot be formed. The second phase is the 'closed' conformation, which is increased by blocking the proteasome as Nrf2 cannot be degraded. Together, the data led us to conclude that in the basal state, one member of a free Keap1 dimer first binds Nrf2 through its high affinity 'ETGE' motif to form the 'open' conformation of the Keap1-Nrf2 complex. This is followed by binding of the second monomer of Keap1 to the low affinity 'DLG' motif of Nrf2 to form the 'closed' conformation. The two-site binding positions the lysine residues in the α-helix between the 'DLG' and 'ETGE' motifs in the correct orientation for ubiquitination by the Keap1-dependent E3-ligase. Consequently, ubiquitinated Nrf2 is released from Keap1 and degraded by the proteasome and free Keap1 is regenerated allowing the cycle to begin again.
Exposure to the electrophilic isothiocyanate sulforaphane [1-isothiocyanato-(4R)-(methylsulfinyl)butane] [13] or its derivative sulfoxythiocarbamate alkyne (STCA) [14] , two inducers of the Keap1-Nrf2 pathway, which target different cysteine sensors of Keap1, leads to a reduction in the fluorescence lifetime of the donor. Furthermore, these inducers alter the balance between the 'open' and 'closed' conformations of the Keap1-Nrf2 complex, favouring the 'closed' conformation [10, 15] . Together with previous data showing that inducers cause conformational changes in Keap1 without dissociation of Nrf2 [16] [17] [18] , these findings suggest that the inducer-mediated cysteine modifications of Keap1 may alter the positioning of Nrf2 relative to the E2-ubiqitination machinery such that Nrf2 can no longer be ubiquitinated and released from Keap1. Thus, the free Keap1 dimer is not regenerated, the cycle is blocked and the newly translated Nrf2 accumulates and translocates to the nucleus, where it activates transcription of cytoprotective target genes ( Figure 2B ).
The role of the Keap1-Nrf2 pathway in redox metabolism
The Keap1-Nrf2 pathway is recognized as a master regulator of cellular redox metabolism. Nrf2 directly regulates the gene expression of the catalytic and the regulatory subunits of γ -glutamyl cysteine ligase (GCL), the enzyme catalysing the rate-limiting step in the biosynthesis of GSH [19] . Additionally, the xCT subunit of system x c − that imports cystine into cells, which upon its conversion to cysteine serves as a precursor for the biosynthesis of GSH, is a transcriptional target of Nrf2 [20] . Glutathione peroxidase 2 (GPX2) and glutathione reductase 1 (GSR1), which reduces GSSG, thus maintaining the levels of GSH, are also transcriptionally regulated by Nrf2 [21] . Cells deficient in Nrf2 have lower levels of GSH, whereas Nrf2 activation leads to GSH upregulation [22] . As GSH is the principal small molecule antioxidant in the cell, the levels of reactive oxygen species (ROS) are increased under conditions of Nrf2 deficiency [23] . Conversely, the levels of ROS are lower when Nrf2 is constitutively activated by genetic or pharmacologic means, particularly upon challenge with agents causing oxidative stress [22, 24, 25] .
In addition to its role in GSH generation and maintenance, Nrf2 controls the expression of the proteins responsible for the reduction in oxidized protein thiols: thioredoxin (TXN) [26] , TXN reductase 1 (TXNR1) [27, 28] and sulfiredoxin (SRX) [29] . Furthermore, Nrf2 provides the reducing equivalents needed for the maintenance of glutathione and TXN in their reduced states. NADPH is an obligatory cofactor for both GSR and TXNR and Nrf2 is a major contributor to the cellular NADPH levels by regulating the gene expression of all four principal enzymes which generate NADPH: malic enzyme 1 (ME-1), isocitrate dehydrogenase 1 (IDH-1), glucose-6-phosphate dehydrogenase (G6PD) and 6-phosphogluconate dehydrogenase (PGD) [30] [31] [32] [33] .
Unexpectedly, primary cultures of neuronal cells and brain tissue slices isolated from Keap1-knockdown (Keap1-KD) mice have higher rates of ROS production compared with their WT counterparts, although the magnitude of the difference between these genotypes is not as large as that between Nrf2-knockout (Nrf2-KO) and WT. Analysis of the mRNA expression levels of the two NADPH oxidase (NOX) isoforms implicated in brain pathology showed that NOX2 is dramatically up-regulated under conditions of Nrf2 deficiency (Nrf2-KO), whereas NOX4 is up-regulated when Nrf2 is constitutively activated (Keap1-KD) to a degree which parallels the increases in ROS production [34] .
The emerging role of the Keap1-Nrf2 pathway in bioenergetics
Mitochondrial function is a central determinant of cellular redox homoeostasis. Given its role as a master regulator of redox metabolism, it is perhaps not surprising that Nrf2 may affect the activity of this organelle. Indeed, several reports have linked Nrf2 to mitochondrial function. Thus, Nrf2 has been shown to enhance gene expression of transcription factors nuclear respiratory factor 1 and peroxisome proliferator-activated receptor γ coactivator-1α, which in turn promote mitochondrial biogenesis [35, 36] . Interestingly, in addition to the cytoplasmic pool, cells also contain a pool of Keap1 that is tethered to the outer mitochondrial membrane forming a ternary complex with Nrf2 and phosphoglycerate mutase 5 (PGAM5), a member of the phosphoglycerate mutase family [37] . Although at a slower rate in comparison with Nrf2, in cancer cells Keap1 is able to mediate the ubiquitination and proteasomal degradation of PGAM5, which in turn is bound to B-cell lymphoma-extra large (Bcl-xl), thereby triggering apoptosis [38, 39] . Upon Nrf2 KD in human colon cancer cells, oxygen consumption and ATP production are decreased [40] , indicating compromised mitochondrial function.
Considering the breadth of cytoprotection provided by the Keap1-Nrf2 pathway, we recently set out to explore the role of Nrf2 in mitochondrial physiology, focusing initially on one of its most important hallmarks, the mitochondrial membrane potential ( m ). Live cell imaging experiments revealed that in mouse embryonic fibroblasts (MEF) and neurons growing in primary midbrain cultures isolated from WT, Nrf2-KO, Keap1-KO or Keap1-KD mice [41] [42] [43] [44] , disruption of Nrf2 results in a significant loss of the basal m [23] . Conversely, constitutive Nrf2 activation (by KO or KD of Keap1) increases m . As the mitochondrial membrane potential is a unique indicator of mitochondrial function, this finding indicates that the Keap1-Nrf2 pathway may be involved in the control of respiration, oxidative phosphorylation and/or mitochondrial redox homoeostasis, all of which depend on m . This Nrf2-mediated metabolic regulation has an impact on mitochondrial ROS production. Thus, Nrf2 deficiency causes a decrease in m due to inhibition of mitochondrial respiration that leads to increased ROS production. Activation of respiration with substrates of respiration restores m and decreases mitochondrial ROS. In contrast, constitutive Nrf2 activation (by KO or KD of Keap1) increases m that in turn also increases ROS production in mitochondria. Importantly, application of substrates for the electron transport chain to these cells induces further increase in mitochondrial ROS [34] .
The use of inhibitors of oxidative phosphorylation or glycolysis has revealed that Nrf2 affects not only the total levels of ATP [23, 40] , but also the way by which cells synthesize ATP [23] . Thus, application of oligomycin, an inhibitor of the F 1 F 0 -ATP synthase, to WT neurons causes a slight hyperpolarization of the mitochondrial membrane as proton entry through the F 1 F 0 -ATP synthase is inhibited. As expected, this is accompanied by a decrease in the ATP levels. In agreement with the predominant use of oxidative phosphorylation for ATP production in neurons, inhibition of glycolysis by application of iodoacetic acid after oligomycin has no further effect on the ATP levels in WT cells. In sharp contrast, oligomycin causes a marked mitochondrial depolarization in Nrf2-KO neurons, accompanied by an increase in the ATP levels, which in turn are decreased by iodoacetic acid. Together, these findings indicate that, under conditions of Nrf2 deficiency, ATP is produced primarily in glycolysis, not oxidative phosphorylation and the m is largely maintained by the hydrolysis of ATP by the F 1 F 0 -ATPase, rather than by respiration. Such 'reversal' of function of the F 1 F 0 -ATP synthase towards ATPase activity is observed in the event of mitochondrial damage or inhibition of respiration, allowing cells to maintain m by ATP hydrolysis, thus restoring the proton gradient across the membrane. Although the structural integrity of Nrf2-deficient brain mitochondria has not been examined, it is noteworthy that hepatocytes from livers of Nrf2-KO mice that had been fed high-fat diet for 24 weeks contain swollen mitochondria with reduced cristae and disrupted membranes [45] .
One reason for the observed impaired respiration in the absence of Nrf2 could be less efficient production of NADH in the tricarboxylic acid (TCA) cycle. Indeed, in Nrf2-KO cells, the mitochondrial pool of NADH is almost 2-fold smaller compared with WT cells and the rate of regeneration of NADH in response to inhibition of respiration is slower [23] . Furthermore, application of substrates for the TCA cycle (pyruvate and malate) has much smaller effects on the m and respiration in Nrf2-KO than in WT cells. This implies that, under conditions of Nrf2 deficiency, the activity of complex I in the respiratory chain may be impaired due to limited production/availability of its substrate, NADH.
In addition to complex I, Nrf2 deficiency may also affect complex II-dependent respiration by limiting the generation of FADH 2 . Similar to NADH, the rate of generation of FADH 2 after inhibition of respiration is slower in cultured Nrf2-KO neurons and heart tissue slices compared with their WT counterparts [23, 46] . Strikingly, application of methyl succinate, a substrate for complex II, induces a slight depolarization in Nrf2-KO neurons, whereas it causes the expected hyperpolarization in WT cells [23] . Constitutive activation of Nrf2 (by Keap1-KD) leads to the expected increase in the ψ m in response to pyruvate, malate and methyl succinate. Unexpectedly however, the fast increase in the m upon addition of these TCA cycle substrates are followed by rapid decreases, suggesting an unusually fast consumption of these substrates. In agreement, the levels of malate, pyruvate and succinate after a 1-h pulse of [U- 13 C 6 ]-glucose are 50 %-70 % lower in Keap1-KO compared with WT MEF [33] . Thus, one way by which Nrf2 influences cellular bioenergetics is by controlling substrate availability for mitochondrial respiration.
Curiously, incubation of MEF cells in medium without glucose accentuates the effect of Nrf2 deficiency on the m , which under these conditions is nearly ∼50 % lower than that of the WT control [23] . The glucose dependence of ψ m suggests that Nrf2 is affecting mitochondrial fatty acid oxidation (FAO) as, under conditions of glucose deprivation, FAO becomes a major provider of substrates for respiration and oxidative phosphorylation. If Nrf2 affects FAO, then Nrf2 deletion may lead to mitochondrial dysfunction, decreased ATP synthesis and increased production of ROS. We have therefore evaluated the efficiency of FAO using the long-chain (C16:0) saturated fatty acid, palmitic acid, as well as the short-chain (C6:0) hexanoic acid in MEF of the three (WT, Nrf2-KO and Keap1-KO) genotypes [46] . Application of palmitic or hexanoic acid produces a significantly higher rate of respiration in Keap1-KO MEF than in their WT counterparts, whereas in Nrf2-KO MEF, the rate of respiration is slower compared with WT cells. Experiments using isolated mitochondria from heart and liver of WT, Nrf2-KO and Keap1-KD mice give similar results. These differences among the genotypes show that the efficiency of FAO is influenced by the status of Nrf2, whereby FAO is impaired in the absence of the transcription factor and accelerated under conditions of constitutive Nrf2 activation.
The α-β dehydrogenation of the acyl-CoA fatty acid ester represents the first step in mitochondrial FAO. During deprotonation of the α-carbon, the pro-R hydrogen of the β-carbon leaves as a hydride which reduces the FAD cofactor. The resulting FADH 2 then transfers electrons to ubiquinone in the respiratory chain, ultimately contributing to ATP synthesis. As expected, stimulation of FAO by palmitoylcarnitine causes an increase in the ATP levels in WT MEF and the ATP increase is faster in Keap1-KO cells [46] . In sharp contrast, there is no change in the ATP levels in Nrf2-KO MEF upon application of palmitoylcarnitine, confirming that, in the absence of Nrf2, FAO is suppressed and strongly suggesting that the lower ATP levels under conditions of Nrf2 deficiency [23, 40] are in part due to suppression of FAO. Additionally, a recent report has shown that KD of Nrf2 in human 293T cells reduces the expression of CPT1 and CPT2 [47] , two isoforms of carnitine palmitoyltransferase (CPT). CPT is the enzyme responsible for the rate-limiting step in mitochondrial FAO by catalysing the transfer of the acyl group of a long-chain fatty acyl-CoA from coenzyme A to L-carnitine, thereby allowing the transfer of acyl-carnitine from the cytoplasm into the mitochondrial intermembrane space. Thus, another way by which Nrf2 influences cellular bioenergetics is by controlling the efficiency of mitochondrial FAO.
Role of pharmacological activation of Nrf2 in neuronal protection in PINK1 deficiency
Oxidative stress and mitochondrial dysfunction have been implicated in the pathology of Parkinson's disease. Mutations in the mitochondrial serine/threonine-protein kinase PTENinduced kinase 1 (PINK1) are associated with hereditary early-onset Parkinson's disease [48] . Recently, we found that PINK1 deficiency is associated with inhibition of mitochondrial respiration due to lack of mitochondrial substrates that lead to decrease in m ( Figure 3A ) [49, 50] . Provision of PINK1-deficient cells with mitochondrial substrates restores m and makes these cells less vulnerable to dopamine-induced neurodegeneration [51] .
The similarity between the effects of PINK1 and Nrf2 deficiency on mitochondrial bioenergetics prompted us to test the hypothesis that Nrf2 inducers may lead to a recovery of mitochondrial metabolism under conditions of PINK1 deficiency. Indeed, incubation of primary co-cultures of midbrain neurons and astrocytes isolated from PINK1-KO mice with the Nrf2 inducers RTA-408 (20 nM), a synthetic triterpenoid [52] or sulforaphane (50 nM) [13] restored the mitochondrial membrane potential in these cells ( m increased from 84 ± 3.8 % of WT to 103.6 ± 4.9 % for RTA-408 and to 98.7 ± 6.7 % for sulforaphane; Figure 3A) . Furthermore, such pharmacological Nrf2 activation was protective against the toxicity of dopamine. Thus, incubation with dopamine (50 μM) for 24 h resulted in an increase in cell death in both WT and PINK1-KO cells, although the level of cell death was greater in PINK1-KO cells (31.1 ± 4.2 %, n = 7, in WT compared with 59.8 ± 5.2 %, n = 12, in PINK1-KO cells; P < 0.001; Figure 3B ). Both RTA-408 (20 nM) and sulforaphane (50 nM) were able to reduce the dopamine-induced cell death in WT and PINK1-KO co-cultures of neurons and astrocytes ( Figure 3B ). Thus, inducers of Nrf2 restore the mitochondrial membrane potential in PINK1-KO cells and protect against dopamineinduced cell death. These results suggest that pharmacological inducers of Nrf2, by improving mitochondrial function, may be beneficial in PINK1-associated Parkinson's disease as has been reported for the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) animal model of Parkinson's disease [53] [54] [55] [56] .
Conclusions
The Keap1-Nrf2 pathway is known to orchestrate an elaborate genetic program that enhances the intrinsic cytoprotective functions, including drug metabolizing, antioxidant and antiinflammatory networks. Dysregulation of Nrf2 activity is causally associated with susceptibility to chronic disease and Nrf2 is now considered a drug target for various pathologies in which oxidative stress and inflammation underlie disease pathogenesis. The emerging role of the Keap1-Nrf2 pathway in cellular bioenergetics adds another layer to the broad cytoprotection which it provides. The role of this pathway in the maintenance of mitochondrial homoeostasis is consistent with the beneficial effects of Nrf2 activators in numerous models of human disease. Particularly exciting are the recent reports showing mitochondrial dysfunction, higher oxidative stress and lower gene expression of Nrf2 in children with autism spectrum disorder [57] and improvements of a number of clinical outcomes in such children upon intervention with the Nrf2 inducer sulforaphane [58] . In addition, metabolic changes indicating enhanced integration of FAO with the activity of the TCA cycle have been observed in human subjects after consumption of diets rich in glucoraphanin, the precursor of sulforaphane [59] . Together, these finding reinforce the notion that the Keap1-Nrf2 pathway is an attractive target for disease prevention and treatment. For the successful realization of this idea, it is essential to understand the details of the regulation of Nrf2 and of the precise mechanisms by which it affects mitochondrial function.
